Background: Human papillomavirus (HPV) vaccination coverage is far below the national objective set by Healthy People 2020. This paper explores spatial patterns in HPV vaccination uptake.
Introduction
Human papillomavirus (HPV) is the most common sexually transmitted infection in the United States, causes genital warts, and is associated with cervical, vaginal, vulvar, anal, penile, and throat cancers (1) . In June 2006, the FDA approved the use of a quadrivalent HPV vaccine to protect against four types of HPV. In 2007 the U.S. Advisory Committee on Immunization Practices (ACIP) began recommending the three-dose vaccine regimen for all girls ages 11 to 12 years, but the vaccine may be administered as early as age 9, with catch-up vaccination for girls and women ages 13 to 26 years (2) . In 2010, the ACIP permitted the use of HPV vaccination for males ages 9 through 26 years, with full recommendation for use in males in the same manner as females in 2011 (3) . The vaccination has been shown to be effective, and potentially cost-effective, in protecting against the targeted strains of HPV and related cancers (4) (5) (6) (7) (8) .
However, HPV vaccination coverage is far below the national objective set for girls (80%) by Healthy People 2020 (no goal was set for boys; ref. 9) . In 2012, completion of the three-dose series at ages 13 to 17 years was only 33% for girls and 7% for boys (1, 9) . In North Carolina, HPV vaccine initiation (i.e., at least one dose) increased modestly over time for girls ages 11 to 17 years: 2008 ¼ 34%, 2009 ¼ 41%, and 2010 ¼ 44% (10) , but remains below the national goal.
Vaccination is of particular importance for under-and uninsured children, who are less likely to be vaccinated (11, 12) and therefore more likely to become infected (13) . Several barriers to HPV vaccination exist, including low levels of provider recommendation (14) , parental concerns about the vaccine's effect on sexual behavior and perceptions of risk (14) , religious affiliation (14) , and low access to the health care system (15) . Area-level variables associated with lower HPV vaccination rates include poverty (12, 16) , rural areas (15) , pediatric specialty clinics (17) , and distance to the place of vaccination (18) .
Previous studies have focused on spatial patterns of HPVassociated cancers (19) and cervical cancer screening, incidence, and mortality (20, 21) . For example, Appalachia, which includes western North Carolina, is an area with a high burden of cervical cancer and lower HPV vaccination rates (22) . These studies suggest that spatial targeting of HPV vaccination could be an effective strategy to reduce the spread of HPV and related cancers, especially in areas of low cervical cancer screening (19) (20) (21) (22) .
This study explores geospatial patterns in HPV vaccination uptake over time among age-eligible, uninsured and meanstested, publicly insured children in North Carolina. To our knowledge, this study is one of the first to investigate geospatial patterns in HPV vaccination (18) . Using vaccination registry data, we conducted an ecological analysis of publicly funded HPV vaccination rates to (i) characterize trends in uptake between 2008 and 2013 and (ii) determine whether vaccination rates tend to cluster geographically. The analysis will test the extent to which HPV vaccination rates cluster geographically due to similar demographic, economic, and health characteristics. Analyzing vaccination clustering provides a more complete picture of HPV-associated cancer occurrence, screening, incidence, and mortality. The results will identify new correlates of low HPV vaccination rates in areas of need. The results can also be used to geographically target areas of low coverage for interventions to increase HPV vaccination.
Materials and Methods

Data
In 2014, we collected and analyzed data for publicly funded HPV vaccinations among age-eligible children from 2008 through 2013 from the North Carolina Immunization Registry (NCIR). The NCIR is a secure, web-based clinical tool to provide official immunization information to the state (23) . The registry's primary users are local health departments (100% participate) and private provider offices that receive vaccines from the federally funded Vaccines for Children (VFC) program (over 90% of offices that receive VFC vaccines participate). The VFC provides vaccines at no cost to children who otherwise might not be vaccinated because of inability to pay (24) . Health care providers who receive VFC vaccines are required to document administration of those vaccines in the NCIR (approximately 95%) or via an alternative hard copy form (approximately 5% that are not captured in the NCIR). To ensure complete records for patients in the registry, our analysis sample included children receiving publicly funded HPV vaccinations between the ages of 9 years, the youngest age at which the HPV vaccination can be given, and 14 years in 2013. The NCIR contains complete vaccination history for this cohort of children, the oldest of which were 9 years in 2008.
We aggregated the cumulative number of publicly funded HPV doses and the number of children receiving all three HPV doses (i.e., full series) using public funds by patient ZIP code. We then cross-walked to ZIP code tabulation area (ZCTA) using a crosswalk created by a Health Resources and Services Administrationfunded project directed by the Robert Graham Center (25) . ZCTAs are generalized area representations of ZIP code service areas developed by the U.S. Census Bureau to overcome the difficulties in precisely defining the land area covered by each ZIP code. The crosswalk lists all ZIP codes included in each ZCTA. For our analysis, ZCTAs can be used for mapping and provide sufficient variation across geographic areas while also having data available for area-level characteristics. We collected geographic boundary and demographic characteristics for North Carolina ZCTAs from the U. We also collected county-level characteristics from the 2012-2013 Area Resource File (ARF). All variables at the county level, which cross ZCTA boundaries, were converted to ZCTAs using weighted averages of the county-level data. For count variables, we used Census calculations of the percentage of the total population of the 2010 county represented by the ZCTA/county overlap for the weights (e.g., a ZCTA that accounted for 10% of the county population received 10% of the county's medical providers). For dichotomous variables, all counties touched by the ZCTA must have a positive indicator for the ZCTA to receive a positive value. For per capita variables, we used Census calculations of the percentage of the total population of the 2010 ZCTA represented by the ZCTA/county overlap for the weights (e.g., a ZCTA with 90% of its population in county A and 10% in county B weighted per capita variables from county A at 90% and per capita variables from county B at 10%).
Variables
The dependent variables in the analysis were (i) the number of publicly funded cumulative doses in the cohort from 2008 through 2013 and (ii) the number of fully vaccinated children (i.e., full series of three publicly funded doses) between the ages of 9 years and 14 years in 2013, by ZCTA and sex. The explanatory variables included the following demographics: the population of age-eligible, uninsured and means-tested, publicly insured children ages 9 to 14 years (logged when used as exposure in count models, ACS); percentage of the total population that is female (Census), Hispanic, black non-Hispanic, or other or multirace/ ethnicity (white non-Hispanic omitted; Census); and the percentage of the total population with less than high-school diploma and with at least some college (high school diploma omitted; ACS). We expected ZCTA's with more females and white nonHispanics to have higher HPV vaccination rates (13 and 14) .
We adjusted for indicators of USDA-defined persistent poverty (ARF; The Economic Research Service, U.S. Department of Agriculture defined persistent poverty as having 20% or more of residents below poverty in each of the last four censuses : 1970, 1980, 1990, and 2000) and Health Professional Shortage Area (HPSA) defined by Health Resources and Services Administration (ARF; A ZCTA was designated as having a shortage of primary medical care professionals by the Health Resources and Services Administration if the following three criteria were met: (i) The area is a rational area for the delivery of primary medical services; (ii) One of the following conditions prevails within the area: (a) the area has a population to full-time-equivalent primary care physician ratio of at least 3,500:1 or (b) the area has a population to full-time-equivalent primary care physician ratio of less than 3,500:1 but greater than 3,000:1 and has unusually high needs for primary care services or insufficient capacity of existing primary care providers; and (iii) Primary medical care professionals in contiguous areas are over utilized, excessively distant, or inaccessible to the population of the area under consideration). We hypothesized that higher rates of poverty and HPSA status would be associated with lower HPV vaccination rates due to lower access to the vaccinations. We also adjusted for outpatient visits per capita (ARF) and the number of religious organizations (North American Industry Classification System code 8131) per 1,000 population (ZBP). We used 2010 values for all explanatory variables.
Statistical analysis
We conducted analyses separately for boys and girls and for cumulative doses as well as the number of children fully vaccinated. We tested for spatial autocorrelation in the unadjusted HPV vaccination rates using choropleth maps generated using Stata's user-written command spmap, which color code each ZCTA using quintiles for HPV vaccination rates, and Moran's I (27) . Values of I greater than (less than) the expected value indicate positive (negative) spatial autocorrelation; nearby ZCTAs tend to exhibit similar (dissimilar) publicly funded HPV vaccination rates among eligible children. We used two definitions of neighbors. Contiguous neighbors share a common border or a single common point. We also used a weighted average of all ZCTAs with each ZCTA's contribution weighted by the inverse of the Euclidean distance between the centroids of the ZCTA and the other ZCTAs.
We then estimated nonspatial count data models for HPV vaccinations at the ZCTA level. These models explore how much of the spatial autocorrelation in HPV vaccination rates is explained by observable ZCTA characteristics. Specification tests revealed evidence of overdispersion in the number of vaccinations per ZCTA, so we estimated negative binomial models that adjusted for the variables discussed above. We tested for spatial autocorrelation of the residuals (expressed as the difference between the actual and predicted values divided by the eligible population) using choropleth maps and Moran's I.
Finally, we estimated negative binomial models with spatially correlated random effects [conditional autoregressive (CAR) models; ref . 28] . The vaccination rate was a function of ZCTA characteristics and two error terms: a standard negative binomial dispersion term and a spatial error term whose mean (conditional on the other ZCTAs) is equal to the average spatial error term among adjacent ZCTAs. We estimated the CAR model in a Bayesian framework using Markov chain Monte Carlo (MCMC) implemented in WinBUGS. We ran 200,000 simulations of the MCMC and report summary statistics from the posterior distribution of the model's parameters using the last 50,000 simulations. See the Supplementary Materials and Methods for details of the model and estimation. We also report choropleth maps showing the quintiles of HPV vaccination rates attributable to the CAR random effects.
Results
The percentage of uninsured and mean-tested, publicly insured children ages 9 to 14 years vaccinated against HPV (full series) using public funds has increased over time (Fig. 1) . HPV vaccination rates for boys lagged behind those for girls in the 3 years after ACIP recommendation. In 2013, the median percentage that (Table 1 ). The number of children receiving publicly funded full doses was much lower on average: 8.9 per ZCTA for girls and 6.8 per ZCTA for boys. ZCTAs had 224 eligible girls and 235 eligible boys on average, ranging from 1 to approximately 2,000. On average, ZCTAs were evenly divided between males and females, 20% black, non-Hispanic, 6.6% Hispanic, and had over 50% of the population with at least some college. Approximately 8% of ZCTA's were in counties with persistent poverty and 60% were HPSA.
Choropleth graphs show pockets of high-and low-HPV vaccination rate ZCTAs (Fig. 2 ). Moran's I indicates significant positive clustering of HPV vaccination rates by ZCTA for boys using both definitions of neighboring ZCTAs (Table 2 ). This indicates that ZCTAs have vaccination rates for boys similar to their neighbors. Conversely, for girls, there was no statistically significant spatial autocorrelation for cumulative doses or full series rates.
The following variables were associated with higher levels of publicly funded HPV vaccination among girls in the negative binomial count data models [ Table 3 , maximum likelihood estimation (MLE) columns): share of the population that was Hispanic, black non-Hispanic, and other race/ethnicity for cumulative doses (relative to white, non-Hispanic); outpatient visits per capita; religious organizations per 1,000 population; and the number of uninsured and means-tested, publicly insured children ages 9 to 14 years. Conversely, the following variables were associated with lower levels of publicly funded HPV vaccination among girls: the share of the population with less than highschool education (relative to high school) and HPSA. Results for HPV vaccination among boys were similar in sign and statistical significance to girls except that the associations with other race/ ethnicity, HPSA, and religious organizations per 1,000 population were less significant. The estimates of a were statistically significantly different from zero, indicating overdispersion in the data.
Conditional on the explanatory variables, there is still significant geospatial clustering of HPV vaccination rate residuals for boys. Moran's I values are much lower once we adjust for the covariates, but the P values indicate statistically Percentage of uninsured and meanstested, publicly insured children ages 9 to 14 years vaccinated against HPV using public funds (full series, unadjusted rates). A, girls; B, boys. (Table 2 ). There is no evidence of spatial autocorrelation in the residuals for girls.
Compared with the maximum likelihood estimates that do not account for spatial autocorrelation, the coefficients (point estimates for MLE and posterior means for CAR) for other race/ ethnicity, less than high school, HPSA (except girls cumulative doses), and outpatient visits per capita (boys) are no longer significant in the CAR model (i.e., the posterior 95% credible interval includes zero; Tables 3 and 4 ). In addition, for boys the coefficients for percentage of the population that is female (positive) and persistent poverty (negative) are statistically significant in the CAR model for the full HPV series. The coefficients for Hispanic, black non-Hispanic, outpatient visits per capita (girls), and religious organizations per 1,000 population (girls) are very similar in the CAR models. The CAR model's estimate of a still indicates significant overdispersion in vaccination rates, supporting the negative binomial specification over Poisson, but the estimates are much smaller than MLE; the CAR model attributes a larger portion of the over dispersion to spatial correlation in the error terms.
We calculated the incidence rate ratio from the full series CAR estimates. A 1% point increase in the share of the population that was Hispanic was associated with a 2% increase in the publicly funded HPV vaccination rate for girls [IRR ¼ 1.02 ¼ exp (1.887/ 100)] and a 3% increase for boys, holding the other covariates constant. (The coefficient was scaled to express the variable as a percentage instead of a fraction.) A 1% point increase in the share of the population that was black non-Hispanic was associated with a 0.4% increase in the vaccination rate for girls and a 1% increase for boys. Each additional religious organization per 1,000 population in the ZCTA was associated with a 12% increase in the vaccination rate for girls. Persistent poverty status was associated with a 30% lower vaccination rate among eligible boys (IRR ¼ 0.70). Figure 3 shows quintile choropleth maps of HPV vaccination rates attributable to the CAR random effects in the CAR model. Under the assumptions of the CAR model, these values represent spatial heterogeneity conditional on population size and the covariates included in the model. Clustering of HPV vaccination rates is evident, with areas of relatively low rates concentrated in the northeast, south, and west-central portions of the state.
Discussion
Registry data from North Carolina revealed areas of especially low rates in publicly funded HPV vaccinations among uninsured and means-tested, publicly insured children. The spatial analysis revealed spatial autocorrelation of HPV vaccination rates among boys-ZCTAs tended to have HPV vaccination rates that were similar to their neighbors. This result was partially explained by a demographic, economic, and healthcare characteristics of the ZCTAs, but not wholly. HPV vaccination rates for girls were higher than for boys, but still well below Healthy People 2020 targets. We did not detect any significant geographic clustering of publicly funded HPV vaccinations among eligible girls. Our finding of significant clustering for boys and not girls could be because the diffusion process is less advanced for boys, who display areas with early adopters. The results of this study could be useful in helping to target areas to increase HPV vaccinations and reduce the spread of HPV within the state. Previous studies of HPV and cervical cancer burden have suggested geospatial targeting as an effective strategy (19) (20) (21) (22) . To the extent that the geospatial clustering of vaccination rates is due to causal influences from one ZCTA to another (e.g., through information networks), targeting interventions to increase HPV vaccination among eligible children in one area could also lead to increases in neighboring areas.
Several federal and state policies have attempted to increase access to HPV vaccinations by reducing out-of-pocket costs of the vaccine, including the VFC program and the inclusion of the vaccine in preventive services mandated by the Affordable Care Act. However, our results indicate that even among children qualifying for publicly funded vaccination, rates were lower in areas of persistent poverty and shortages of providers. Therefore, access to the vaccine entails more than just lower out-of-pocket costs, including access to providers. This study has limitations that are important for the interpretation and application of the results. Our analysis did not include privately funded vaccines, vaccinations given by pharmacies during this period, or doses given to children who might have moved out of state. We also focused on younger ages than earlier studies (10) . Thus, the vaccination rates reported in Fig. 1 are lower than in other data sources. For example, based on data from the 2012 NIS-Teen survey, the rate of full vaccination (i.e., three or more doses) by the age of 13 years was 6.8% nationally and 6.6% for North Carolina. We focused on publicly funded vaccinations, for which reporting to the NCIR was required, to minimize the extent of under-reporting for our analysis sample. The benefit of registry data is that it avoids recall and self-reporting bias present in surveys (29, 30) .
The unexpected results for the number of religious organizations could result from unmeasured differences in denominational attitudes. ZCTAs and ZIP codes were not created as geographic markers and their use in spatial analysis may lead to representational errors (31) . There are alternative Bayesian specifications for spatial effects, which could generate different clusters (32, 33) .
There are likely unmeasured factors that would explain the observed geospatial patterns in HPV vaccination rates and the differences between boys and girls. These include parental and provider attitudes, concerns about effects on sexual behavior, low perceived risk of HPV infection, and social influences (14) . We 
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